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(54) Sensor circuit and method for compensation 

(57) A sensor ci rcuit (£0) and method for calibrating 
and tempanature compensating the olfeet and span of 
the sensor circuit (2G). The aansor circuit [2D) Includes 
a transducer (21) coupled to a microprocessor (22) via 
an amplifier (23) and a temperature sensing circuit (24). 
An output port of the microprocessor (22) is coupled to 
a first input node of the amplif ier (23} via & transducer 
offset oompenaatlon network (39) and to a ssoond Input 
node olthe amplHler (23) vta a transducer span compen- 
sation network (34), UiBreby forming a closed- loop feed- 



back network. In operation, a transducer output signal is 
transmitted to the micropnoceesor (22) via the amplifier 
(23). The microprocessor (22) generates a transducer 
compensation signal which Isfed hackle the Input nodes 
of the amplifier (28) via the transducer offset (33) end 
span (34) compensation networks 1o generate a cali- 
brated and tenv^aturecompeneated transducer output 
I (Serf. 
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Description 

Background of the Invention 

The present Invention relates, In general, to censors e 
and, more particularly, to caltorsted end temperature 
compensated sensors. 

Sensors are widely used in applications such as 
automotive, household appliances, building ventilation, 
and In general I ndustrlal application to aenea a physical w 
condition such as pressure temperature, or accelera- 
tion, and to provide an electrical signal representative of 
the sensed physical condition. A conventional sensor is 
constructsd saa network of raaleiora In a resiallv* bridge 
"configuration, wharein the resistive bridge has two ler- w 
mlnslslor ooupllng to power supply pot an Dais and two 
terminals for providing a differential output signal. In 
preset* sensor applications, the bridge resists* are 
formed on a aenelng diaphragm by Implanting or diffus- 
ing Impurity materials Into a semiconductor SLtostrats. so 
When the sensor is exposed to the physical condition, 
one or more of Ihe bridge resistors changes resistance, 
thereby unbalancing the resistive bridge and generating 
a differential output signal. As those eMIIed In Ihe art ara 
aware, the eleotrloal signal Is proportional to Ihe Imbal- « 
ance of the resistor network. 

A drawback of resistive bridge type sensors is that 
they produce a nonzero output offset electrical signal at 
their output terminals with a null Input applied. Thla 
nonzero output offset electrical signal In response to an ?o 
applied null input also varies from sensor to sensor dus 
to process and maixifaoturing variations. It should be 
noted that a sensor Is at a null state when ihe null Input 
ol the physical condition Is applied, I.e., when ths pres- 
sure on ona side of the sensing diaphragm Is equal to bb 
the pressure on an opposing eide of the sensing dia- 
phragm. Further, theoutput signal of these types of pres- 
sure sensors varies over the operating pressure rengs 
at a specified supply voltage. The change In the output 
signal over the operating pressure ranges also varies «o 
from sensor to sensor due to process and manufacturing 
variations, In addition, ihe parameters of offset and span 
are sensitive to temperature In these types of sensors. It 
should be noted that the change In the output signal of 
a sensor over He operating range ie referred b as span. « 
II should be further noted that definitions of terms com- 
monly used by those skilled in the sensor art can be 
found In ths sscond edition ol ths data book entitled 
"PRESSURE SENSOR DEVICE DAW copyrighted In 
1894 by Motorola, Inc. so 

One commonly used technique for calibrating and 
temperature compensating offset ie to provide an offset 
calibration and temperature compensation network hav- 
ing a resistor network that Is laser trimmed. Drawbacks 
d this technique are that laser trimrrsng each sensor is m 
an irreversible process that ie oostly and increases the 
amount of time tor manufacturing a sensor, i.e., 
Increases cycle time. A oommonly used tech nlq us to cal- 
ibrate and temperature compensate th s span of the sen- 



sor is to couple the respective power supply terminals to 
the resistive bridge via oalfcration and temperature com- 
pensation resistors. However, calibration and teirpera- 
ture compensation resistors decrease both ths 
sensitivity of the sensor (due to the sensor* reduced 
excitation voltage or voltage across the sensor element) 
and the eignal-to-noiee ratio of the sensor. 

Accordingly, it would be advantageous to have a 
method and msana to calibrate and temperature com- 
pensate the eenaor'a offset and span. It would be ol 1ur- 
thsr ad van tag s tar the sensor to be manufacturers using 
common sensor manufacturing techniques. 

Brlaf Description ol the Drawings 

FIG, 1 1s s flow chart illustrating a process for cali- 
brating and temperature compensating offset and 
span in accordance with embodiments of ihe 
preaant Invention; 

FIG. 2 Illustrates a schemal! cbtockdlagramof a sen- 
sor circuit lor use in providing offset and span cali- 
bration and temperature compensation in 
accordance with a first embodiment of the present 
Invention; 

FIG. B lllustratsBadetalled schematic dapam of the 
sensor circuit of FIG. 2; 

FIG. 4 illustrates a chart which graphically shows a 
relationship between a temperature and an offset 
count ol ihe sensor circuit of FIG. 3; 
FIG. S Illustrates a chart which graphically shows a 
relationship between a temperature and a span 
count ol ihe sensor circuit of FIG. 3; 
FIG. B Illustrates a schsmall cbtockdlagramof a sen- 
sor circuit tor use In providing offset calibration snd 
temperature compensation In accordance with a 
second embodiment of Ihe present invention; 
FIG. 7 illuetratesadetaiied schematic diagram of the 
sensor drcult of FIG. 6; 

FIG. B Illustrates a schemall cbtockdlagramof a sen- 
sor circuit for use In providing span calibration and 
temperature compensation in accordance with a 
third embodiment of the present invention; and 
FIG. 9 liluBtratesadetalled schemstlc da^am of the 
sensor drcult of FIG. S. 

Detailed Description d the Drawings 

Generally, the present Invention provides a senaor 
and a closed-loop method tor calibrating and terrpera- 
ture compensating the offset and span d the sensor. It 
should be understood that in accordance with the 
present invention, ths term condensation ie used to indi- 
cate transducer calibration, transducer temperature 
compensation, or the combination of transducer calibra- 
tion and transducer temperature compensation. By way 
d example, ths sensor is a pressure sensor that includes 
a transducer coupl sd to a microprocessor via signal con- 
ditioning drctf&Y In a first embodiment of the present 
Invention , the closed -loop compensation technlqu s oom- 
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prises transmitting sun offset compensation signal and a 
span condensation signal from the microprocessor to 
the signal condftioning circuitry. Inaeecond embodiment 
of the present Invention, His closed-loop compensation 
technique comprises transmitting an offset compensa- 
tion signal from the microprocessor to the signal condi- 
tioning circuitry. In a third embodiment of the preeent 
invention, ftecloeed-loopcompensationtechniquecom- 
prlBQB transmitting a span compensation signal from the 
microprocessor to the signal conditioning circuitry. AsuH- 
able technique for generating the olfsel compensation 
signal ia by means of a digital-to-analog (D/A) convener, 
whereas a suitable technique tor generating the span 
compensation signal le by means of a programmable 
resistor array (PRA). It should be understood that the 
type of sensor is not a limitation d the present invention. 
In other words, ihe eenaor may be a prsesure sensor, a 
temperature sensor, an acceleration sensor, etc. 

Further, It should be noted that caifcration of a Ben- 
ear's offset and span refers to a stall o-tomperature con- 
dition where any sensor to sensor variations in span and 
offset due to process and manufacturing variations are 
nullified. In other words, Ihe individual sensor* are cali- 
brated ao that each sensor haa the aama static temper- 
ature offset and span, lew, a first sensor has the same 
static-tenperature offset and span as a second sensor 
which in turn has the sarneetatic-teirpsrature offset and 
span as a third sensor, etc. It should be further noted! hat 
temperature compensation of a aeneous offset and span 
refers to the situation where Ihe variations of offset and 
span due to changes in temperature over a sensor's 
operating tsnrpsrature range are rullH ied, i.e., a sensor 
le temperature compeneeied eo that lor a given constant 
physical condition soling upon the sensor, the offset and 
span of a sensor era constant aver the sensort operat- 
ing temperature range. 

FIQ. i shows a fkw charf 1 0 illustrating a process 
for calibrating, temperature compensating, or a combi- 
nation of calibrating and temperature compensating fhe 
offset and span of a sensor In accordance with the 
present invention. In addition, the condensation circuitry 
may provide level shifting of the compensated sensor 
output algnal so that the compensated eeneor outputelg- 
nal Is within the Input signal range of circuitry coupled to 
an output node d the sensor circuit, e.g., a microproc- 
essor. In a beginning step (indicated by bro 11 of flow 
chart 10), a physical condition, e.g., pressure, is sensed 
by a transducer (reference numeral 21 of FIGa. 2, 3 P 6- 
0). Tha transducer generates a transducer output signal 
in response to the sensed physical condition [indicted 
by bo* 12 of flow chart 1 0}. It should be understood f hat 
the iraneducer output signal is representative of the 
sensed physical condition. 

A closed-loop transducer compensation signal Is 
generated in response to the transducer output signal 
and a tsnpsraturs sensing circuit output signal (indi- 
cated by be* 1S of flow chart 1 0J. In accordance with the 
first embodiment of the present Invention, ihe closed- 
loop transducer compensation signal Includes offset and 



span compensation corTponenfs. In accordance with Ihe 
second embodiment of the present invention , the closed- 
loop transducer condensation signal includes an offset 
compensation component, and In accordance with ihe 

s third embodiment of the present Invention the closed- 
loop transducer compensation signal includes a span 
condensation component. 

A compensated transducer output signal is gener- 
ated In raaponaa to the transducer output algnal and the 

tp transducer compensation algnal (Indicated by box 14 of 
flowchart 1 0}. Furlh erf he compensated transducer out- 
put signal is an analog transducer output signal that can 
■be converted to a digital transducer output signal. It 
should be noted than the transducer oompanaallon algnal 

?5 carves as a feedback signal and that tha sensor circuit 
of lha present Invention is a closed-loop system having 
a closed-loop compensation network. 

FIQ. 2 illustrates as&hematic blockdiagram of aeen- 
aor 2D far uae In prodding offset calibration and tampar- 

w ature compensation, span calibration and temperature 
condensation, as well as level shifting in accordance 
with the first embodiment of the present invention. Sen- 
sor 2a is also referred to as sensor circuit 20. it should 
ba understood that eenaor circuit 20 la eu liable for man- 

w utecture as. an Integrated circuit using conventional Inte- 
grated circuit processing techniques. Byway of exanple, 
sensorcircuit2P is apreseure sensor comprising a trans- 
ducer 21 coupled to a microprocessor unit (MPU) 22 via 
an arrpllflar 23. In particular, s first output port of frans- 

w duoer21 Is coupled to a first Input port of arrpllfler23vlfi 
an interconnect 27 and a second output porl of trans- 
ducer 21 is coupled to a second input port d anplifisr 
23 via an Interconnect 28. One function of amplifier 23 
Is to convert a differential Input algnal from transducer 21 
Into a single-ended transducer output signal, which 
appears on an output port of amplifier 23. Theoutput port 
of an^plifier 23 is coupled to a first input porl of MPU 22 
via an Interconnect 29. It should be noted thai MPU 22 
may be a microcontroller unit (MCUJ. 

40 in addition, transducer 21 Is coupled to MPU 22 via 
a temperature sensing circuit 24. By way of example, 
transducer 21 and temperature sensing circuit 24. are 
monollthlcally Integrated Into e single silicon eubeirate. 
"techniques for monollthlcally Integrating transducer 21 

43 and tenper atu re sensi ng ci rcu it 24 are known to those 
skilled in the art. An output port of tenperature sensing 
circuit 24 is coupled 10 a second input port of MPU 22 
via en Interconnect 32. 

In accordance with the first embodiment of fhe 

so present invention, a closed-loop feedback network is 
famed by coupling af inst oulput port of MPU 22 to athiid 
input portof amplified via an off est calibration and tem- 
perature compensation nettvork33, I.e., a transducer off- 
set compenssHon network 38. By way of example, 

ss transducer offeetGcnpeneation networks iea D/A con- 
verter. In addition, another closed-loop feedback net- 
work Is formed by coupling a asoond output port of MPU 
22 to a fourth Input port of amplifier 23 via a span cali- 
bration and temperature compensation network 84, i.e., 
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a transducer span corrjaen cation network By way of 
example, transducer span compensation network B4 is 
a programmable re&istor array. Thus, a level shifted, off- 
got and span calibrated, and offset and span lempera- 
ture compensated output signal Sca appears at the 
output port of amplifier 28 in response to a physical con- 
dition. In addition, output signal Sca ■* converted by MPU 
22 to a digital output signal 3cd using an analog-io-dig- 
Itol AJD circuit (not shown) present In MPU 22. Digital 
output signal 8 CD appsare at a third output port of MRU 
22. This third output port where 3 C d appears can be a 
serial comnxmicatione port or parallel I/O port, as those 
skilled In the art are aware. More particularly, MPU 22 
converts the I aval stilted, offset and span calibrated, and 
otlset and span compensated, analog output signal 8c a 
to a level shitted, offset compensated, digital output sig- 
nal Sco which appears at an I/O port of MPU 22. 

fig. 3 illustrates a detailed schematic diagram of an 
embodiment of aanaor circuit 20 shown In FIG; 2. It 
should ba understood that the Game reference numerals 
are used in the fig urea to denote the same elements. It 
should be further understood that to simplify thedescrip- 
tion of sensor circuit 20 and the operation of sensor cir- 
cuit 20 all the external circuitry tor eupporltng the 
operation of sensor circuit 20, Including MPU 22. are not 
shown. The external circuitry for supporting sensor cir- 
cuit 2D is well known io those skilled in the art and can 
be found in, for example, the second edition of the data 
book entitled "PRESSURE SENSOR DEVICE DATA" 
copyrighted In 1994 by Motorola, Inc. lb Indicate or 
denote transducer 21, MPU 22, amplifier 23, lerTpera- 
ture sensing circuit 24, transducer offset compensation 
neta/ork33, and transducer span compensation network 
24 of sensor circuit 20, each element le shown In FIG. a 
as being enclosed within Its own rectangular structure, 
wherein theboundaries of each rectangular structure are 
indicated by broken lines. 

Referring new to transducer 21, It Is coupled 
between a power supply conductor 36 and a power sup- 
ply conductor 37. By way of eocarrple, transducer 21 Is a 
piazo-resistive bridge network comprising silicon piezo- 
reeistive eiementa38, 89, 41 , and 42. Pi eso-reeietwe ele- 
ment SB le coupled between power simply conductor 3a 
and a nods 48. Pleao-resl stive element 99 Is coupled 
between power supply conductor 88 and a node 44. 
Pi ezo- resistive element 41 is coupled between node 48 
end power supply conductor 37. Pieio-reeietiue element 
42 la coipled betwesn node 44 and power supply con- 
ductor 87. II should be noted that the pi eao- resistive ele- 
ments 88, 39, 41 , and 42 are also referred to as pi wo- 
reeietore and that nodee 43 and 44 serve ae transducer 
output nodee or ports. A suitable operating range tor 
power sippl y conductor 36 la from approximately 3 volte 
to approximately £4 volts and a suitable operating poten- 
tial for power supply conductor 87 is ground potential. 
Power supply conductor 36 ie also referred to ae V c& 

As those skilled In the art are aware, plesEO-reslstlve 
elements SB, 39, 41, and 42 become unbalanced In 
response to an external physical condition such as, for 



eoanple, an applied pressure, temperature, accelera- 
tion, etc. In other words, Itie physical condition alters the 
properties of the semiconductor material from which 
transducer or plezo-realstlve bridge 21 Is tor mad, 

e tharsby Increasing the resistance of one set of opposing 
bridge resistors, e.g., resistors 39 and 41, and decreas- 
ing the resistance of the other eet of opposing bridge 
resistors* e.g., resistors 38and 42. The resistance values 
of bridge resistors 39 and 41 Increase by the asms 

jq amount that the resistance values of brf dge resistors 38 
and 42 decrease. Thus* Ihe voltage signals across 
bridge reefetone 39 and 41 increase by the earns amount 
that the voltage signals across bridge resistors SB and 
42 decrease, I.e., adlfferemlal output signal Is generated 

re between output node 48 and output node 44. By way of 
exairple, bridge reeietore 88, 89, 41, and 42 are {fabri- 
cated to have resistance values of 1,000 ohms in the 
absence of the physical condition. In the presence of the 
physical condition, bridge resistors 39 and 41 may 

so Increase to approximately 1,002 ohms, while bridge 
resistors 3e and 42 decrease to approximately 896 
ohms, Le., piezo-resistive bridge 21 becomes unbal- 
anced. The unbalance creates a differential signal 
between output nodes 48 and 44. II should be noted that 

& the signals appearing at nodes 43 and 44 are also 
referred to as 3+ and 8\ respectively. 

Output nodes 43 and 44 are coaled to anpl if i sr 23 
via interconnect* 23 and 27, respectively In accordance 
with the first embodiment, amplifier 23 includes three 

3P cascaded amplifier stages, The first amplifier stags com- 
prises an operational amplifier 46 having differential 
input nodes 47 and 48, and a single-ended output node 
49. More particularly, Input node 47 la an Inverting Input 
node and Input node 48 le a nonl nvertlng Input noda. Du- 
es put node 44 of transducer 21 Is coupled to nonl nverting 
input node 48 via interconnect 27. Input node 47 is cou- 
pled to output node 49 d operational amplifier 46 via a 
feedback resistor 52. In addition, Input node 47 Is oou- 
pled to D/A converter 83 via a resistor 58. As those skilled 

40 in Ihe art are aware* feedback resistor 52 forms a nega- 
tive feedback loop around operational amplifier 48, 
thereby forming, along with resistor 53, a noninverting 
operational amplifier configuration for an output signal 
from output node 44 of transducer 2 1 . Operational ampl I- 

45 tiers coupled in inverting and noninverting configurations 
are well known to those stilled in the art 

The second amplifier stage comprises an opera- 
tional amplifier 58 having differential Input nodee 57 and 
58, and a single-ended output node 59, wherein Input 

so node 67 is an inverting irpul node and input node 58 is 
a noninverting input node. Output node 48 of transducer 
21 is coupled to noninverting ir^put node 53 via intercon- 
nect 28. Inverting Input nods 57 Is coupled to ouiput node 
59 ot operational anpllf ler 56 via a feedback resistor 82. 

55 In addition, inverting input node 87 is coupled to output 
node 49 of operational anplifier 48 via a resistor 83. 
Analogous to operational amplifier 48 having feedback 
resistor 52, feedback resistor 62 1orms a negative feed- 
back loop around operational ampl filer 56. thereby form- 
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ing, along with resistor 63, a noninverling operational 
amplifier configuration for an output signal from output 
node43 of transducer 21. 

ThethW amplifier stage comprises an operational 
amplifier 66 having differentia) Input nodee 67 and fid, 
and a single-ended output node 69, wherein Input node 
67 is an inverting input nods and input node 68 is a non- 
inverting input node. Output node 69 of operational 
amplifier 56 la connected to nonlrwBrtlng Input nod a 66 
of operational amplifier 66. Inverting Input node 67 la 
coupl ad to output node 69 of operational ampl If ler 66 via 
a series con nected resi stor network corrprisi ng resistors 
71 and 7Z. More particularly, a first terminal d resietor 
71 Isconnectedto output node 69 and a second terminal 
of resistor 71 is connected to a first terminal at resistor 
72. The connection of the f tot and second terminals of 
resistors 72 and 71 , respectively, forms a node 74. Node 
74 i» coupled to port C of MPU 22 via programmable 
resistor array 84. MPU 22 and Its \JO porta, e.g., port C, 
will be further described presently. The seoond terminal 
of resistor 72 is connected to inverting input node 67. In 
addition, inverting input node 87is coaled to areference 
potential, V REP1P by a resistor 73. By way of example, 
reference potential V REF1 Is a ground potential. It should 
be understood that setting V R5Fl at a jjound potential 
is not a I irritation of th e present invention and that Vrefi 
can be set at a potential other than a ground potential. 
Analogous to operational amplifier 46 having a feedback 
resietor 52, feedback realtors 71 and 72 form a negative 
feedback loop around operational amplifier 66, thereby 
forming, along with resistor 78, a noninverting opera- 
tional artplifier configuration for an input signal at input 
node 66. It should be noted that output node 69 at ihe 
third fiinpilflersiega, I.e., operational amplifier 66, eervea 
as the output node of amplifier 23. After an equilibration 
period, an output signal appearing at output node 69 
serves as the compensated transducer analog output 
signal Bq A . In addition, output node 89 la ooupled to an 
Input port PDO of MPU 22 by an Interconnect 26. Thus, 
amplifier 23 serves as signal conditioning circuitry tor 
sensor circuit 20. Suitable amplifiers for operational 
amplifiers 46, 56, and 66 include airplifiere manufac- 
tured by Motorola, Inc. having part numbers MCM274D, 
LM324D, M C33204 D, and the I Ike. K should be notedlhat 
MPU 22 will be described in further detail presently 

In addition, sensor circuit 20 includes a resistor 77 
coupled in series to tenperature setting circuit 24, 
wherein a first terminal ol resistor 77 la connected to 
power supply conductor 86 and a second terminal of 
resistor 77 is connected to a first terminal of temperature 
sensing circuit 24. A eeoond terminal of temperature 
sensing circuit 24 is connected 10 power supply conduc- 
tor 37. In addition, the first terminal of temperature sane* 
Ing circuit 24 Is coqpied to an Input port PD1 of MPU 22 
via interconnect 82 and provides a temperature sense 
voltage signal, V TEMPl to MPU 22. 

Temperature sensing circuit 24 may be a single 
diode, a series-connected string of diodes, a thermistor, 
a band-gap reference circuit, and the like. In cneembod- 



iment, terrperature censing circuit 24 is a series-con- 
nected siring d four diodes. 8ince the temperature 
coefficient of a forwari biased diode ie approximately - 
2.26 millivolts (mV) per °C, the airing of tour serlea-con- 

s nected diodes has a temperature coefficient ot approxl- 
malely -ti mV per 'C. In other words, for each degree 
Celsius that diode string 24 increases, the voltage signal 
Vtemp d ecreases by approximately 9 mV. Therefore, the 
voltage signal Vtemp serves aa a temperature sense slg- 

70 nal which Is input into MPU 22. An Important feature of 
the present invention is that temperature sensing circuit 
24 is monolhhically integrated with bridge network 21, 
I.e., transducer 21 , thereby providing a precise measure 
of the all Icon die temperature In response to ambient 

75 temperature variations. 

In accordance with the first embodiment of Ihe 
present Invention, MPU 22 is a microprocessor manu- 
factured by Motorola, Inc. having part number 
MC8SHC705BSFN. Die WICS6HC705B5FN mlcraprac- 

w essor Includes three eight-bit Input/output (I/O) data 
ports. Oneof thethree eight-bit I/O data ports is referred 
to as port A, the second eight-bit I/O data port is referred 
to a&port B, and thethind eight-bit 1/Odataportie referred 
to aa port C. Aa those skill ad In the art ana aware, port A 

w Is comprised of Ihe eight one-bit I/O porta RA7-PA0. port 
B is comprised of the eight one-bit I/O ports PB7-PBQ, 
and port C is comprised of the eight one-bit I/O ports 
PC7-PCO. in addition, MPU 22 has an eighMtt port, port 
D, capable of receiving analog electrical Input signals 

w and converting them to digital signals. In addition, port 
D is comprised of the eight one-bit input ports PD7-PD0. 
Further, MPU 22 includes memory locations and 
address, data, and Instruction reglsiers which are well 
known to those aMIIed In the art but not shown I n the fig- 
as ures. Tha operation of MPU 22 will ba described In fur- 
ther detail presently. 

By way of exanple, output node ©9 is coupled to the 
one-bit Input port PDO by Interconnect 2d and tempera- 
ture sensing circuit 24 Is coupled to the one-bit input port 

40 pd 1 by Interconnect 82. It should be und erstood that the 
particular one-bH ports of port D to which output node 89 
and temperature sensing circuit 24 are coipled are not 
limitations ot ihe present Invention. For example, ouiput 
node 69 may be ooupled to the one-bit Input port PD7 

4* and temperature sensing circuit 24 may be coaled to 
the one-bit irjjul port PD5. 

Eight-bit I/O data port A is ooupled to resistor 58 of 
amplifier 23 via transducer offset companaatlon network 
38. By way of example, transducer offset compensation 

so network 33 is a D/A converter comprising a resistor net- 
work that convene an eight-bit digital output signal into 
an analog signal, i.e., D/A converter 33 is an eight-bit D/A 
converter. The resistor network Includes resistors Rg, R4, 
Re, Ra> Rtq. R12. And Ru each having first and second 

ss terminal* wherein the resistors are connected i n seri es. 
In other words, the eeoond lerminal of resistor ie con- 
nected to thef Irsttermlnal of resistor R 4 ; the second ter- 
minal of resistor R4 Is connected to the first terminal of 
resistor R G : the second terminal of resistor Re la con- 
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necfed 1o the first terminal of resistor Re; the second ler- 
minal of resistor Re i* connected to the first terminal of 
resistor n 10 ; the eecond terminal of resistor R 10 is oon- 
neclsd to thai tret terminal of resistor Rig;andthe second 
terminal of resistor R< * Is connected to the first terminal & 
d resistor R^. In addition, port PAO is coaled to Ihefiret 
terminal of resistor Rgvia resistor R T ; port PA1 i& coupled 
to the second terminal ot resistor F^and the first terminal 
ol resistor R4 via resistor Rg; port PA2 Is ooupled to tits 
second terminal of resistor R* and the flrettermlnal of 
resistor R 8 via resistor R B ; port PAS is coupled to the sec- 
ond terminal of resistor R 6 and the first terminal of reeie- 
tor Rg via resistor R 7 ; port RA4 Is coupled to His second 
terminal of resistor Ra and ths f list terminal of resistor 
Rio via resistor Re; port PAS Is ooupled to the second 
terminal of resistor R 1D and the first terminal of resistor 
R-ie via resistor R 1 , ; port PAfl is coupled to the second 
terminal of resistor R 1B and ths first terminal of resistor 
R14 via resistor Ri$; and port PA7 Is coupled to the sec- 
ond terminal of resistor Ru via resistor R^. Further- 
more, thef iret terminal of resistor R 2 is copied to power 
eivpty conductor 67 via resistor R 1 B and the second ter- 
ml nal of resistor R-j 4 Is coup! sd to paw sr simply oonduc- 
tor B7 via resistor R-17. Ths second terminal of resistor 
R14 is connected to reeistor 53, thereby coupling MP J 
22 to amplifier 28. Preferably, the resistance values for 
the resistors Rg> Rj f R^, Rjq, Rta ^14> R171 are 
selected to bs of equal value and the resistance valuss 
ol resistors Hi, R&, R5, H7, Rg, Rn, Rfj, Rf^, and R^s 
are selected to bs of equal value. More particularly, the 
resistance valuee of resistors Rg, R4, R a , R a , R 1D . R121 
r 14p and R T 7 are selected to be one-half the resistance 
values of resistors Rf, Rg.R^ Rj, Re.Rii.Ris- Rfj.and 
Rig. Byway of example, resistors Bg, R$, Rb> R10, 
R 1Ep R f 4, and n 17 have a resistance valueof 3 ,210 ohms 
and resistors R 1f R a , R& R7, R9, R^, Rib, Rig, and R 1B 
have a resistance value of 4,420 ohms. 

It should be understood ihsrt the type of DM con- 
verter Is not a limitation ot the present Invention and that 
other suitable D/A converter Implementations Include: a 
1-bit pulse width modulated (PWM) D/A converter, a 
monolHhfe integrated circuit WA converter, a ratio-resis- 
tor ladder D/A convener, or * e like. 

Further, port C Is an elght-blt I/O port through which 
the span compensation signal is transmitted. Port C is 
ooupled to nods 74 via a programmable reeistor array 
84. By way of exanple^ programmable resistor array 34 
comprises a resistor network that enables an elght-blt 
digital output signal to select the resistance appearing at 
node 74. The digital selection of the resistance value 
appearing at node 74 selectively loacte the feedback loop 
ot the third amplifier stage 86 thereby changing the gain 
ot the third amplifier stags. Mora particularly, program- 
mable resistor array 34 comprises eight resistors R27. 
Ra&» Rsb. Rsfl» Raa. Re2. Ret. and Rgo. wherein each 
reeistor hae first and eecond terminals. The first termi- 
nals of each resistor of the programmable resistor array 
34 are connected together and connected to node 74. 
Ths second terminal of resistor R 2 ? Is connected to I/O 



port PC7; the second terminal of resistor Rgg is con- 
nected to I/O port PCS; the second terminal ol resistor 
Rk is connected to VO port PCS; the second terminal of 
resistor R M Is connected to I/O port PC4; the second 
terminal of resistor Rgg Is connected to I/O port PC3 ; the 
second terminal ol resistor R22 is connected lo VO port 
PQ2; the eecond terminal of reeistor R 2T ie connected to 
VO port PC1 ; and the second terminal of resistor R^ is 
connected to I/O port PCO of MPU 22. 

By way of example, resistor R^ has a resistance 
value of 5.D0O ohms (ft) and the raslstancs values of 
resistors Rg*-ReQ are selected such that: 

Rge = Z 9 R^j', 
F M -S*R t7 : 



R 21 =e4*Bgj; and, 

R20 — * ^27" 

TTio&e skilled in the art will recognize that PRA 34 
la configured aa a binary resistor anay. 

In accordance with the first embodiment of the 
present invention, a null input pressure and a nominal 
temperature, T N0M , euch as, tor sorry I e, room terrper- 
oiure, are applied to transducer 21 , and it Is calibrated 
tor offset. Wills still at the nominal temperature, a full- 
scale pressure Is applied to transducer 21 and It Is cali- 
brated for span. Then, the null input pressure is applied 
to transducer 21 and the temperature is changed by an 
amount AT to determine an offset temperature compen- 
sation coefficient. While sH II at the temperature changed 
by an amount AT (Tnom + AT}, the full-scale pressure Is 
applied to determine a span temperature compensation 
coefficient. 

lb calibrate offset, MPU 22 Is programmed to main- 
tain a doslred of bet voltage at output node 69 when a 
null input pressure is applied to sensor circuit 2D. For a 
sensor operating from a five volt power supply, a typical 
desired offset voltage is 0.5 volts. Accordingly, a digital 
signal representative of the dsslrsd off est voltage la 
stored In a first memory looallon (not shown) which Is 
present in MPU 22. Further, whentiansduGer21 is main- 
tained at the nominal temperature and the null inputpree- 
eureie applied to transducer 21 , MPU 22 receives analog 
electrical Input signals at porta PDO and PD1. At port 
PDO. MPU 22 receives an analog output voltage signal 
ScAfrom output node 69, converts analog output voltage 
signal Sga into 9 digital output signal 3 C d * n d stores the 
digital output signal 8q D In a second memory location 
(not shown) which Is present In MPU 22. The second 
memory looatlon may be, for example, I/O port B. Uke- 
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wise, at input port PD1 , MPU 22 receive* an analog tem- 
perature sense voltage signal from temperature sensing 
circuit 24, converts it into a digital temperature sense 
voltage signal, and stores the dig hal temperature sense 
voltage signal In a third memory location (not shown) 5 
which is present in MPU 22. 

MPU 22 compares thedigital output signal stored in 
th$second memory location with the digital signal stored 
In the final memory location and generates a digital signal 
In accordance with thadfflarancebaiwean thadlgftal eJg- w 
nals stored In the first and second memory locations, I.e., 
MPU 22 generates a digital offset error signal, in accord- 
ance with the digital oHset error signal MPU 22 adjusts 
thedigital signal appearing at port A. It should be under- 
stood that port A. being an eight-bit I/O data port, can ?& 
have digital values ranging from CO to FF In hexadecimal 
notation. Thus, MPU 22 adjusts thedigital signal appear- 
ing at I/O port A by incrementing or decrementing a count 
or digital signal appearing at I/O port A. Foroampla, the 
digital signal appearing at L/O port A having a value of 20 

(in hexadecimal notation), results in an analog out- 
put signal Sca of 480 mil li volts (m V) appearing at output 
node 69 . In order fo adjust the analog output signal 9qa 
appearing at output node 69 to SflO m V {0.5 volte), MPU 
22 changes the count appearing at \K> port A toi tor w 
example, "OB" (in hexadecimal notation). The new count, 
i-et, trie adjusted digital signal appealing at port A is 
applied to an input of transducer compensation network 
38 and la converted to an equated analog voltage elgnai 
which appears at an output of transducer compensation w 
network 33. The adjusted analog voltage signal changes 
the voltage appearing at output node €9 to the value of 
the desired oTfeed voltage, I.e., 500 mV The value of ihe 
digital signal at I/O port A that produces itie deelred out- 
put voltage at output node 69 la stored In a fourth mem- 
cry location (not shown) which is present in MPU 22. 
Thus, the value of the cigital signal at I/O port A which 
yields a desired output voltage la stored In the fourth 
memory location (not shown) and the nominal tempera- 
ture al whl oh the deal red output voltage occu ra Is stored 40 
in the third memory location (not shown). In other words, 
two values for calibrating andierrperatu re compensating 
the offset ere stored In memory locations In MPU 22. 

Next, span calibration le performed by applying an 
input pressiro to transducer 21 at Ihe nominal tenpera- 
ture, wherein the applied input pressure produces a full- 
scale output of transducer 21 . More particularly, MPU 22 
la programmed to mal ntaln the deal red f ul l-acale volteg e 
at output node 68 when the maximum operating pres- 
sure and Ihe nominal temperature are applied. A typical *> 
desired offeet voltage ie 0.5 volte and a typical full-scale 
voltage is 4.5 volts. Therefore, a typical span ie 4.0 volts. 
A digital eigne! representative of the desired full-scale 
voltage le stored In a fifth memory location (not shewn) 
which is present in MPU 22. MPU 22 receives analog « 
electrical input signals at ports PDO and P D 1 whentrane- 
ducer 21 Is maintained at the nominal temperalm and 
the full-rale Input pressure le applied to sensor circuit 
20. At port PDO, MPU 22 receives analog output voltage 



signal $c A from output node 69 , converts the analog out- 
put voltage signal into a digital output signal, and stores 
the digital output signal in a sixth memory location (not 
shown) which la present In MPU 22. 

MPU 22 comparee the digital output signal stored In 
the dxth memory location with the digital signal stored 
in the fifth memory location and generates a digital signal 
in accordance with the difference between the digital sig- 
nals stored In the fifth and sixth memory locations, I.e., 
MPU 22 generates a digital span error signal. In accord- 
ance with the digital span error signal, MPU 22 adjusts 
the digital sipal appearing at I/O port C. It should be 
understood that similar to I/O port A, I/O port C is an 
eight-hit I/O data port that can tiavadlgital value© ranging 
from 00 to FF In hexadecimal notation. Thus. MPU 22 
adjusts the dgttal signal appearing at I/O port C by Incre- 
menting or decrementing a count ordigital signal appear- 
ing at I/O port G For example, the digital signal 
appearing el \JO port C having a value of "7 A" (In hexa- 
decimal notation) results In en analog output signal 
of 4.4 volts appearing at output node 69. In order to 
adjust the analog output signal, Sca. appearing at output 
node 69 to 4.5 voHs, MPU 22 changes thecount appear- 
ing at I/O port C tot tor example^ VB" {In hexadecimal 
notation). The new count. I.e., Ihe adjusted digital signal, 
appearing at port C is applied to an input of transducer 
span condensation network 34 and is converted 10 an 
adjusted effective resistance which appears at an output 
of transducer span compensation network 34. The 
adjusted effective resistance changes the voltage 
appearing at output node 69 to Ihe value of the desired 
full-scale voltage, i.e., 4.5 vohe. The value of the digital 
signal at I/O port Gthat produoes the desired output volt- 
age at output node 69 Is stored In a seventh memory 
location (not shown} present In MPU 22. Thus, the value 
of Ihe digital signal at I/O port C which yields a desired 
output voltage is stored in the seventh memory location 
(not shewn). It should be noted that the nominal temper- 
ature at which the desired output voltage occurs was 
stored In ths third memory location (not shown) during 
the offeet calibration step. Thus, two values far calibrat- 
ing and temperature compensating the span are stored 
In memory loceH one present In MPU 22. 

In accordance with the present Invention, an oftaet 
temperature compensation coefficient is determined by 
changing the tenia era ture of senacr circuit 20 by an 
amount AT and applying a null input to transducer 21. 
MPU 22 receives analog electrical Input signals al ports 
PDO and PD1. At port PDO, MPU 22 receives an analog 
output voltage signal Sca. from output node 69, con- 
verts analog output voltage signal, Sca, into adigital out- 
put signal 3cd> and stores thedigital output signal Sco. 
In an eighth memory location (not shown) which Is 
present In MPU 22. UKewlse, at Input port PD1. MPU 22 
receives an analog tenperahre sense railage signal 
from temperature sensing circuit 24, converts it into a 
digital temperature sense voltage elgnai, and stores Ihe 
digital temperature sense voltage algnal In a ninth mem- 
ory location [not shown) which Is present In MPU 22. 
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MPU 22 compares Ihe digital output signal stored in 
the eighth memory location with the digital signal stored 
inthef irst memory location and Generate** digital eigne) 
In accordance wfth the d N far ence between the digital Big* 
nab stored Intheflrst and eighth memory locations, I.e., 
MPU 22 generates a digital tsnperalure offset error sig- 
nal. In accordance with the digital temperature offset 
error signal, MPU 22 adjusts the digital signal appearing 
el port A. It should be remembered that elght-blt l/D port 
A oan have digital values ranging from 00 to FF In hexa- 
decimal notation. Thus. MPU 22 adjusts the digital signal 
appearing at I/O portAby incrementing or decrementing 
a count cr digital signal appearing at I/O port A. For 
example, the digital signal appearing at I/O port A having 
a value of *7A" On hexadecimal notation) results In an 
analog output signal, 3c A , of 496 millivolts (mV) appear- 
ing at output node 69. In order to adjuetihe analogoutput 
signal. 6^. appearing al oulput node 69 to 500 rnV [0.5 
volts}, MPU 22 changes the count appearing at I/O port 
A to, tor example. "7C* [In hexadecimal notation). The 
new court, the adjusted digital signal, appearing at 
port A is applied to en input node of transducer offset 
compensation network as and la converted to an 
adjusted analog voltags signal which appears at an out- 
put nods of transducer offset condensation network33. 
The adjusisd analog voltage signal changes the voltage 
appearing at output node 89 to the ; value of the desired 
oflest voltage, l.e..500mV. The value of the digital signal 
ad I/O port A that produces Ihe desired oulput voltage at 
output nods 68 is stored in a tenth memory location (not 
shewn) prawn In MPU 22. TTiua, the value of the digital 
signal at I/O port A which yields a desired output voltage 
al the temperature T^om + ATIg stored In Ihetenrth mem- 
ory location [not shown) and the temperature, T WO m + 
at, at which ihe desired oulput voltage occur* is stored 
In the ninth memory location (not shown). In other worde, 
two additional values tor temperature compensating the 
oflset are stored In memory locations In MPU 22. 

Next, span temperature compensation Is performed 
by applying an Input pressure to transducer 21 which Is 
al theleiTperature T N om + AT*, wherein the applied input 
pressure produces a full-scale output signal of trans- 
ducer 21 . It should be remembered that a digital signal 
representative of the desired full-scale voltage Is stored 
in a fifth memory location (not shown). MPU 22 receives 
analog electrical input signals at ports PD0 and PDT 
when transducer 21 is maintained at the temperature 
t no m + AT and tft e full-seal e Input pressure la appli ed to 
sensor circuit 20. At port PDO, MPU 22 receives analog 
output voltage signal, Sc A , from oulput node 69, con- 
vert* the analog output voltage signal into a digital output 
signal, and stores the digital output signal in an eleventh 
memory location (not shown] present In MPU 22. 

MPU 22 comperes Ihe digital output signal stored In 
the eleventh memory location with the digital signal 
stored in ihe fifth memory location and generatee a dig- 
ital signal In accordance wHh Ihe difference between the 
digital elgnala stored In the fifth and eleventh memory 
locations . I.e., MPU 22 generates a digital span error sig- 



nal. In accordance with the digital span error sipial, MPU 
22 adjusts the digital signal appearing at l/D port C. It 
should be undsretocd that similar to I/O pert A, VO port 
C is an sight-bit UD data port that can have digital values 

c ranging from "00" to "FF" In hexadecimal notation . Thus. 
MPU 22 adjusts the digital signal appearing at I/O port 
C by incrementing or decrementing the count or digital 
signal appearing at I/O port G. For example, ihe digital 
signal appearing at I/O port C having a value of "dA 1 (In 

jq hscedeclmal notation], results In analog output signal. 
Sga. of 4.2 voHs appearing at oulput node 69. In order 
to atfuetthe analog output signal, Sca. appearing at out- 
put node 69 1o 4.5 volts, MPU 22 changes the count 
appearing at I/O port Cto^ tor example, "8C" In heocadec- 

w Irnal notation. The new oount, I.e., the equated digital 
signal, appearing at I/O port C is applied to an input of 
transducer compensation network 34 and is converted 
Into en adjusted effective resistance which appears elan 
oulput node of transducer span compensation network 

£0 84. The adlusted effective resistance changes the volt- 
age appearing at output nods 69 to the value of the 
desired Mi-scale voltage, i.e., 4.5 volte. The value of the 
digital signal al I/O port C that produces the desired out- 
put voltage at output nods 69 Is stored In a twelfth rnem- 

« ( ory location (not shown) present in MPU 22. TTius, the 
value of the digital signal at VO port C which yields the 
desired output voltage is stored in the twelfth memory 
location. It should be noted that Ihe temperature T NO m 
+ AT at which the desired output voltage occurs was 

3P stored in the ninth memory location (not shown) during 
the oltaet compensation step. Thus, an additional two 
values for temperature compensating the span are 
stored In memory locations In MFU 22. 

If la well known lhat offset and span variation due to 

86 temperature changes for a pressure transducer lite 
tranaducsr21 are linear or can be approximated as I in ear 
with changes in temperature. Accordingly, the informa- 
tion stored In ihe third, fourth, seventh, ninth, tenth, and 
twelfth memory locations maybe used f o develop a I In ear 

<o mod el or the temperature changes In offset and span of 
a sensor. Let it be known, however, that a linear or 
approximately linear relationship between the span and 
offaei versus lerrperaiure changes Is not a limitation to 
the present Invention. 

4* FIG. 4 illustrates an offset tenpsrafture compensa- 
tion curve 60 that represents the relationship between 
the tenperature ol sensor circuit 20 and the count 
appearing on I/O port A to provide ihe desired voltage at 
output node 69, I.e.. curve 50 Illustrates an olfset tem- 

so peratu re compensation relationship. By way d e&campl e> 
al the temperature T NQM (stored in the third memory 
location), a count of "SB" (hexadecimal notation) at port 
A produces en output voltage of 0.5 volte at output node 
69. Moreover, at the temperature Tndm + AT (stored In 

m the ninth memory location), a count of 7C" (in hexadec- 
imal notation) at the output of port A produces the 
desired voltage ol O.S voHs et output node 69. MPU 22 
la programmed to determine Ihe slope of a line 51 Inter- 
secting the point of the temperature T NQM and Its corre- 
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spending offset count (clored in the fourth memory 
locati on) and th e point of the temperature Tnom + AT and 
its correeponding offset count [fttofdd in the tenth mem- 
ory location). 

Likewise, FIG. 5 llluetretee a span tamparatura com- 5 
pansallon curve 60 which graphically shows * o relation- 
ship between the temperature of sensor circuit 20 and 
the count appearing onl/DpoiC to provide the desired 
voltage at output nod a fid, I ,e, , curve 60 1 lluatrataa b span 
tamparatura compensation relationship. MRU 22 deter- 
mines the elope of line 61 Intersecting the point erf the 
temperature T NO m and rls corresponding span count 
(stored in the seventh memory location) appearing on 
\JO port C and the point ol the tamparatura T NDM 4- AT 
end Its oorrespondlng span count (stored In the twelfth 
memory location}. The linear relationships are used to 
deter minethe counts needed at I/O ports A and C for a 
particular tamparatura, T p to produce the desired voH- 
age at output node 69. Thus, MPU 22 recelvee a tam- 
paratura signal at port PD1 and uses the slope of line 51 
to determine the count thai should be ol \fO port A to 
produce the desired offset voltage of, for example. 0.5 
volte. Similarly* MPU 22 usee the slope of line 61 to deter- 
mine tha count that should appear at I/O port C to pro- 
duce the desired span. MPU 22 then applies these 
counts to temperature compensate sensor circuit 20. 
TT)u&, in the first embodiment a transducer compensa- 
tion signal is generated, wherein th a transducer compen- 
sation algnal Includes offset calibration and temperature 
condensation components and span calibration and 
temperature compensation components. Accordingly, 
the sensor circuit 2D generates an output signal that is 
calibrated and tamparatura compensated for offset end 
apan. Although aenaor circuit 20 la shown aa having off- 
set and span temperature coefficients of particular polar- 
ities, it should be understood that the temperature 
characteristics of sensor 20 are not a limitation of the 
present Invention and that sensor circuit 20 can have 
ellhsr positive or negative temperature coefficients. 

FIG. 6 Illustrates a schematic blockdlagram of a sen- 
sor circuit 60 for use in providing offset compsnsalion as 
well as level shifting in accordance with the second 
embodiment of the present Invention. It should be under- 
stood lhat sensor circuit 60 Is suitable for manufacture 
as an integrated-ctrcuit using conventional integrated cir- 
cuit processing techniques. Ik should bs further under- 
stood lhat the reference numerals of like elements 
Illustrated In FIGa. 1-5 have bean retained In FIG. 6. 
Accordingly and by way of example* sensor circuit 60 Is 
a pressure sensor conprising a transducer 21 coupled 
to MPU 22 via amplifier 23'. In particular, a first output 
port of transducer 21 is ooupled to a first irput port of 
amplifier 22' via an Interconnect 27 and a aecond ouiput 
port of transducer 21 le coupled to a second Input port 
of amplifier 28' via interconnect 28. Arrplif ier23* converts 
a differential input signal tarn transducer 21 imoa single- 
ended ouiput signal, which appears on an output port of 
amplifier 23'. The output port of amplifier 23 1 le coupled 
to a first Input port of MPU 22 via Interconnect 29. It 



should be noted that amplifier 23' ia similar 1o amplifier 

28 except lhat aaiolifier 28' only haa two amplifier stages, 
"mue, amplifier 28' has been distinguished from amplifier 

29 by appending aprlma symbol O to reference numeral 
28. 

In addition, transducer 21 Is coupled to MPU 22 via 
a temperature sensing circuit 24. By way of example, 
transducer 21 and teirperature sensing circuit 24 are 
monollthlcaily Integrated Into a single all Icon aubeirate. 
An output port of temperature eenslng olrcu It 24 lacou- 
pled to a second Input port of MPU 22 via Interconnect 
32. 

In accordance with the second embodiment of the 
present Invention, a closed-loop feedback natwwk la 
formed by coupling a first ouiput port of MPU 22 to a third 
Input.port of amplifier 23' via an offset compensation net- 
work 33. By way of example, offset compensation net- 
work 83 is a D/A converter. Thus, a level shifted, offset 
compensated, Analog output signal 5g A ' appears at ihe 
output port ol ampullar 23' In response to tha physical 
condition. In addition, a level shifted, offset compen- 
sated, digital output signal Sen' appearsat an output port 
of MPU 22. It should be noted that output signals S C V 
and Scq' have been distinguished from output algnala 
8 CA and respectfully, by the addition of a prime sym- 
bol O because they do not include span calibration or 
span tenperatune compensation oomponents. 

FiO. 7 iilustrateea detailed schematic diagram of an 
embodiment of aenaor circuit 8Q shown In FIG. 6. lb Indi- 
cate transducer 21 , temperature sensing circuit 24, MPU 
22, arrplrfier 28', and offset condensation network 33, 
each element is shown in Fia 7as being enclosed within 
Its own rectangular structure, wherein the boundaries of 
each rectangular structure are Indicated by broken lines. 
It should be noted that transducer 21 , MPU 22, temper- 
ature sensing circuit 24, and cltseS compensation feed- 
back network 38* eg., a DM converter; and their 
operation have been described wtlh reference to FIG. 3, 
thus the description of these portions of sensor circuit B0 
has not been repeated. 

Output nodes 43 and 44 are coupled to amplifier 23' 
via interconnects 28 and 27, respectively. In accordance 
with the second embodiment of the present Invention, 
amplifier 23' Includes two cascaded amplifier stages. 
Thefirst arrplifier stage comprises an operational anpli- 
fiar 46 having differential input nodes 47 and 48, and a 
single-ended output node 49. More particularly, input 
node 47 la an Inverting Input node and input node 48 Is 
a nonlrrverting Input node. Ouiput node 44 of transducer 
21 is coupled to noninverting input node 46 via intercon- 
nect 27. Input node 47 ie coupled to output node 49 of 
Operational amplifier 46 via a feedback reeietor 52. in 
addition, Input node 47 Is ooupled to D/A converter 33 
via a resistor 53. Operational amplifier 46 Is In a nonln- 
verling configuration. 

The second arrplifier etage comprise* an opera- 
tional amplifier 56 having differential Input nodes 57 end 
56, and a single-ended ouiput node 59, wherein Input 
node 57 Is en Inverting Input node end Input node 58 Is 
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a nonirwerting input node. Output node 48 of transducer 
21 is coupled to noninverting ir^ut nods 58 via irrteroon- 
ned 28. Inviting irpul node 57 is coupled to output nods 
59 of operational amplfflor SB vis q feedback realtor 82. 
In addition. Inverting Input node 57 Is coupled to output e 
node 49 of operational arrplifier 48 via a resistor 83. 
Analogous to operational anpliffer 46 having feedback 
resistor 52, feedback resistor 62 forme a negative feed- 
back loop around operational amplifier 56, thereby form- 
ing, along with resistor 83. a nonlnvertlng operational jq 
amplifier configuration for an output signal from output 
node 43 of transducer 2T. 

In addition, transducer 21 ie coupled to MRU 22 via 
a lemperatura eenalng clrcu M 24. An output port of tem- 
perature sensing drcuH 24 la coupled b a seoond Input w 
port of MPU 22. e.g., port PDT. via Interoonnect 32. 

It should be noted that output node €9 oi the second 
amplifier stage, i.e., operational amplifier 56 serves as 
tha output node of amplifier 28'. After an equilibration 
period, an output signal appearing at output node 59 bq 
serves as the level shifted, offset compensated, analog 
output signal Sca' . In addition, output node 59 Is coupled 
to an input port PDo of MPU 22 an interconnect 29. 
MPU 22 converts the level shifted, offset compensated, 
analog output signal S^' to a level shifted, offset 00m- « 
pensated. digital output signal which appears at an 
I/O port of MPU 22. 

The operation of sensor circuit 90 ie similar to the 
operation of sensor circuit 20 with the difference balng 
that sensor circuit 60 Is missing a span calibration and ?p 
temperature compensation component. Thus, the 
description of tha operation of eeneor circuit 20 with ret* 
arence to FIG. 3 applies to the operation of sensor circuit 
fiQ with the exception of the span calibration and temper- 
ature compensation oompenants. ss 

■ FIQ. 8 illustratesaschematicblockdiagramd a sen- 
sor circuit 90 tor use in providing span compensation in 
accordance with die third embodiment of the present 
Invention. It should be understood hart sensor circuit 90 
Is suitable far manufacture as an Integrated circuit using <o 
conventional integrated circuit processing techniques. It 
should be further understood that the reference numer- 
ate of Ilka elements lllueirated In FIGe. 1-7 have bean 
retained In FIG. 8. Byway of eocarrple, sensor circuit 90 
i8apre88uresenBorcornprisingatransducer21 coupled « 
to MPU 22 via an amplifier 28". In particular, a first output 
port d transducer 21 ie coupled to a final input port of 
amplifier 23" via an Interconnect 27 and a saoond output 
port of transducer 21 Is ooupled to a seoond Input port 
d amplifier 28" via an interconnect 28. Further, a third so 
iipul port of ampl rlisr 23" is coupi&d to a reference poten- 
tial V R&FB . By way of example, reference potential V R£F2 
Ie ground potential. II should be noted that amplifier 23" 
Is similar to amplifier 23 eNoepI that the third input port 
is coupled 1o reference potential VnEPS- It should be « 
understood that setting V REF2 at a ground potential ie not 
a limitation of lha present Invention and that V REPB may 
be aat al a potential other than a ground potential. Thus, 
amplifier 28" has been distinguished from amplifier 28 



by appending two prime symbols to reference numeral 
23. Amplifier 28" converts a differential input signal from 
transducer 21 into a single-ended output signal, which 
appears on an output port of amplifier 23". The output 
port of amplifier 23 " Is coaled toaf Irsl Input port of MPU 
22. e.g.. port PDO of FIG. 9, via an interconnect 29. 

In addition, transducer 21 is coupled to MPU 22 via 
a leirperature sensing circuit 24. An output port d tem- 
perature sensing circuit 24 la coupled to a saoond Input 
port of MPU 22, e.g., port PD1 of FIG. 9, via Interconnect 
32. 

In accordance with the third embodiment of the 
present invention, a closed-loop span condensation net- 
work la formed by coupling an output port of MPU 22 to 
a fourth Input port of amplifier 23". By way of example* 
the output port of MPU 22 Ie ooupled to the fourth Input 
port of amplifier 28" via a programmable resistor array 
84. Thus, a span corpsnsated output signal 9^" 
appears at tha output port d amplifier 23" In response 
to a physical condition. Further, MPU 22 converts the 
level shifted, span compensated, analog output signal 
Sca" to a level shifted, span compensated, digital output 
signal Scd" "h'th appears at an I/O port d MPU 22. 

FIG. 9 Illustrates a detailed echemallc diagram d an 
embodiment of sensor circuit 90 shown In FIG. 8. It 
should be understood Khatths same reference numerals 
are used in the figures 10 denote the same elements. To 
indicate transducer 21, tsnpsraiure sensing circuit 24, 
MPU 22, amplifier 23", and apan compensation network 
84 of sensor circuit 90, each element Is shown In FIG. 9 
as being enclosed within its own rectangidar structure, 
wherein the boundaries of each rectangular structure are 
Indicated by broken ilnea. It should ba noted that trans- 
ducer 21 , MPU 22, temperature sensing circuit 24, and 
span compensation feedback network 34. e.g., a pro- 
grammable resistor array, and their operation have been 
deserted with reference to FIQ. 8, thue the description 
d iheae portions of eeneor circuit 90 haa net been 
repeated. 

Output nodes 43 and 44 arecoi^led to amplifier 23" 
via interconnects 28 and 27. respectively. In accordance 
with the third embodiment, airplifier 28" includes three 
cascaded ampl Iflar stages. It should ba noted that ampli- 
fier 28" Is the same as ampllfler23 except thai Input node , 
47 is coupled to a reference potential Vr£ F2 . rather than 
a D/A converter. Thus, only the final arrplifier stage will 
be described in detail. A description d the seoond and - 
third amplifier stages appears with tha description d 
amplifier 28 d FIG. 3. The flrat amplifier stage comprises 
an operational arrplifier 48 having differential input 
nodes 47 and 48, and a single-ended output nods 49. 
Mors particularly, input node 47 is an inverting input nod 8 
and Input node 48 la a nonlnvertlng Input rode. Output 
node44d transducer 21 Is coupled to nonlnvertlng Input 
node 46 via interconnect 2 7. Input node 47 d operational 
amplifier 48 is coupled to output node 49 via a feedback 
resistor 52 and to reference potential V R EP2 via a resistor 
53. Aa those allied In the art ere aware, feedback reals- 
tor 52 forms a negative feedback loop around operational 
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amplifier 46, thereby forming, along with reai&tor 03, a 
nonirwerting operational amplifier configuration for an 
output signal from output node U of transducsr 21 . 

It should be noted that output node 69 of the third 
amplifier stflga, I .a., operational amplifier 68, serves 89 
the output node of emptier 23", After an equilibration 
period, an output signal appearing at output nods 89 
serves a* the level shifted, span compensated, analog 
ouiput signal 6 C A ". In addition, output node 69 Is coupled 
to an Input port PDO of MPU 22 by an Interconnect 2d. 
Further, MRU 22 converts the level shifted, span com- 
pensated, analog ouiput signal Sca" 1o a level shifted, 
span compensated, digital output signal Sod" 
appears at an I/O port of MPU 22. 

The operaUon of sensor circuit 90 Is similar to the 
operation of sensor circuit 20 with the difference being 
thai sensor circuit 90 is missing an offset calibration and 
temperature compensation coirponent Thus, the 
description of the operation of aanaor circuit 20 with ref- 
erence to FIG. 3 applies to the operation of sensor circuit 
90 with the exception of offset calibration and tempera- 
ture compensation corrpon oris. 

By now it should be appreciated that a sensor circuit 
and a method of calibrating and temperature compen- 
sating the offset and span of the sensor have been pro- 
vided. In the lirat embodiment Ihe closed-loop 
cotrpeneation networks compensate the offset and span 
of the transducer output signal and provide level shifting 
of the transducer ouiput signal. In the second embodi- 
ment, the closed-loop compensation network compen- 
sates the offset of the transducer output signal and 
provides level shifting of the transducer ouiput signal. In 
the ihlrd embodiment, the ctoeed-loop compensation 
network compensates the span of lie transducer ouiput 
signal. Thus, an advantage of the present Invention Is 
thai the compensation and level shift signals adjust the 
transducer output signal to form a compensated trans- 
ducer ouiput signal that may be level shifted for oempal- 
Iblllty with Input voltage levels at succeeding circuit 
elements, e.g., microprocessors, memory storage ele- 
ment* A/D (analog -to-digital] converters, logic circuitry, 
and the like. 

Another advantage of the present Invention le.lhat 
the offset and span compensation are accomplished 
without using techniques such as laser trimming which 
cause irreversible changes to the sensor circuitry and 
must be performed before final packaging is completed. 
In other words, the compensated iraneducer output sig- 
nal Is re-programmable. Further, the compensation may 
be accomplished by the end-user rather than at the fac- 
tory, thereby increasing the design options available to 
the end-ueer. Further advantages of the present inven- 
tion are that the compensation can be performed quickly 
and as often as necessary and the compensation accu- 
racy is defined and implemented by the end -user. 



Claims 

i. A method tor compensating a sensor circuit (20) 
having a fransducer <ai), comprising the elepe of: 
s using thatraneducar(21)to sense a physical 

condition: 

generating a transducer output signal (12} in 
response to the physical oondiiion thai is sensed; 

ganeratlngatranaduceroompenaaHonalgnal 
TP (18); and 

generating a compensated Iraneducer ouiput 
signal [1 4) in response fottie transducer output sig- 
nal and the transducer compensation signal. 

?e 2. The method of claim 1 . wherein the step (1 3) of gen- 
erating e transducer compensation signal Includes 
generating the transducer compensation signal to 
have offset calibration and temperature compensa- 
tion components and span calibration and tempera- 
EC? ture ocmpenGBtJon components. 

3. The method of claim 1 . wherein the step (1 3} of gen- 
erating a transducer compensation signal includes 
generating the transducer compensation signal to 

w have offset calibration and temperature compensa- 
tion components. 

4. The method of claim 1 , wherein the step (1 3) of gen- 
erating e transducer compensation signal Includes 

w generating the transducer compensation signal to 
have span calibration and temperature compensa- 
tion components 

5. A method tor compensating a transducer (21) of a 
& sensor circuit (20), comprising the steps of: 

receiving an output signal from the trans- 
ducer (21); and 

transforming the output signal Iromlhe irane- 
ducer (21) Into a compensated transducer ouiput 
4& signal, wherein the output signal ftomthe transducer . 
(21) is transformed in response to a closed -loop 
transducer compensation signal. 

6. The method of claim 5, wherein Ihe step of Irans- 
& forming the output signal from the transducer (21) 

into a compensated transducer output signal com- 
prises the steps of; 

storing a desired offset voltage In a micro- 
processor wit (22); 

so applying a null input pressure to the trans- 

ducer (21), the transducer (21) is operating at a first 
tenfwaiure; 

comparing a first transducer output signal 
with the desired clteet voltage stored In the micro- 

« processor unit (22) and generating a first offset com- 
pensation signal in accordance with a mil of the 
comparison of the first transducer output signal with 
the desired offeet voltage stored In the microproces- 
sor unit (22); 
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storing the first offset condensation sipial in 
Ihe microprocessor unit (22); and 

calibrating the transducer (21) for offset by 
changlngtheflrstttianBdueer output signal in accord- 
ance with the first ofteet compensation signal. e 

7. The method of claim 6, further including the stepsof: 

storing a desired full-scale voltage in the 
mlcrcpnocaaaor unit (22); 

applying a lull -scale pressure id the trans- jq 
ducer(21); 

comparing the first transducer output signal 
with the desired lull-scale voUaae stored in the 
mlcrcpnocaaaor unit (22} and generating a first epan 
compensation signal In accordance with the results re 
of the comparison; 

storing the first span compensation signal; 

and 

calibrating the transducer (21) for epan lay 
changing the flrsttranBducar output signal In second- so 
ance with the first span compensation signal. 

8. The method of olaime, further including the stepsof: 

atari ng a fir at temperature monitoring signal 
In the microprocessor unit (22); « 

changing the temperature of the transducer 
(21) so thai the transducer (21) is operating ai a sec- 
ond ismpsrature; 

atorlng a second temperature monitoring sig- 
nal In the microprocessor unit (22) ; w 

comparing a second transducer output signal 
with the desired offset voltage stored in the micro- 
processor unH (22) and goneratlng a second offset 
ocmpanaallon signal In accordance with a result of 
the comparison of the seoond transducer output slg- 85 
nal with the desired offset voltage stored in the 
microprocessor unit (22); 

atorlng the second offset oompsnaatlon sig- 
nal In the mloroprooessor unit (22); and 

oallbretlng the transducer (21) for offeet by 46 
changing the second transducer output signal in 
accordance wHh the second offset compensation 
signal. 

9. The method of claim 8, further including the stepsof: 45 

storing a desired full-scale voltage in the 
microprocessor unit (22); 

applying a luli-acale pressure id the trans- 
ducer (21); 

comparing the second transducer output sig- to 
nal with the desired full-scale voltage stored in the 
microprocessor unit (22) and generating a second 
span compensation signal In accordance with result 
of the comparison of the second transducer output 
signal with the desired full-scale voltage stored in the « 
microprocessor unit (22)i 

storing the saoond span compensation sig- 
nal; and 

calibrating the transducer (21) for epan by 
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changing the second transducer output signal in 
accordance with the seoond span compensation 
tfgnai. 

1 0. A sensor circuit (20), comprising: 

a transducer (21) operating In response to a 
physical condition for providing a differential sensor 
signal atf irst (43) and second (44) transducer output 
ports; 

an amplifier (23) having a plurality of Input 
ports and at least one output port (69), wherein the 
frsl transducer output port (48) is coupled to a first 
amplifier input port (58) of the plurality of input ports 
and tha second transducer output port (44) le cou- 
pled to a second amplifier Input port (46} of the plu- 
rality of Input ports; 

a transformation circuit (22) having at least 
two input ports and ai least one output port, wherein 
a first of tha at least two Input porb la coupled to th a 
ai least one output port (69) oi the ampllfl er (28): and 
al least one feedback network (33) having at 
least one input node and at least one output node, 
wherein the at least one input node is coupled to the 
al laeat ona output port of the transformation circuit 
and the at least one output node of the at least one 
1ss*ackn etworkis ooupledto a third amplifier input 
port (47) of the plurality of input ports. 
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